Abstract. We previously analyzed the microRNA (miRNA) expression pattern in gastric cancer with and without recurrence and obtained 17 differentially expressed miRNAs with potential to predict recurrence risk for GC patients. In the present study, we aimed to investigate recurrence-related genes which may be regulated by the differentially expressed miRNAs identified in our prior research. Three different miRNA target gene databases (miRanda, TargetScan and PicTar) were used for searching the potential genes regulated by miRNAs. A combination was performed between miRNA target genes and recurrence-related gene expression profiling. Three bioinformatics algorithms (PAM, SVM and RF) were used to feature recurrence-related gene selection. In addition, we validated the expression levels of the genes in GC patients using real-time PCR. A total of 3,263 genes were identified as potential targets of 17 miRNAs. We identified 2,736 differential expressed genes using the SAM method based on 22K oligo microarray data which included 7 recurrence and 4 without recurrence GC samples. Combining the target genes regulated by miRNAs and the differentially expressed genes between recurrence and non-recurrence groups, we identified 228 differential genes for further study. Finally, we identified HNRPA0 and PRDM4 as risk biomarkers of GC patients, which were regulated by hsa-miR-194 and hsa-miR-373, respectively. Our data indicated that HNRPA0 and PRDM4 may be involved in the recurrence process of GC and have potential to act as new prognostic biomarkers in predicting recurrence risk for gastric cancer patients.
Introduction
Gastric cancer (GC) is one of the most frequent tumors and the second leading cause of mortality worldwide (1) . Since 1976, gastric cancer has increased 4-10% per year among men in the United States, more rapidly than any other type of cancer. Surgery is still the main option for treating GC, however, even after performing curative resection approximately 40-65% of GC patients will experience a recurrence of the disease possibly encompassing local relapse, peritoneal dissemination or hematogenous metastasis (2, 3) . The high recurrence rate of GC is the main reason to treatment failure and once it happens, the quality of life and survival will decrease greatly. Therefore, identification of biomarkers with potential for understanding molecular mechanisms and recognizing the biological characteristics involved in recurrence is a key for early evaluation of the prognosis in GC patients.
In 2011, we reported that the combination of a group of microRNAs (miRNAs) as a predictor has potential to predict recurrence risk in gastric cancer patients following surgical resection (4) . In our previous study, we used miRNA microarray and bioinformatics methods to characterize recurrence-related biomarkers from primary tumor samples, and identified 17 differential miRNAs including 10 upregulated and 7 downregulated miRNAs in recurrence group. This miRNA profiling provided us a with a powerful resource for better understanding the molecular mechanism within GC recurrence.
The regulation by miRNAs is one of the important modes for alterations of gene or protein. Compared with miRNAs, more advantageous in clinical diagnosis and adjuvant therapy were proved by using genes or proteins as signature. Several factors including gene expression changes related with recurrence have been reported (5, 6) . In addition, a few predictive or diagnostic methods have been used to evaluate the recurrence risk based on gene expression profiling or a set of clinical variables (7) (8) (9) (10) . This led us to believe that combination miRNAs expression profile, targeted genes and gene expression profile may obtain more accurate genes to predict recurrence. Thus, we set out to investigate recurrence-related genes by intergration of miRNAs and gene expression profiling in advanced gastric cancer. In this study, we predicted the targeted genes which plausibly are regulated by the identified miRNAs using miRanda, TargetScan and PicTar and obtained 3,263 predicted miRNA targets. At the same time, a recurrence related gene expression profile based on 11 GC microarray data was constructed for combination with miRNA targeted genes. A total of 228 different genes were identified with the criteria of P<0.05, fold-change >2.0. We further integrated three bioinformatics methods to extract genes with characteristic expression and finally obtain a single gene set (HNRPA0 and PRDM4) which have potential to predict recurrence risk in GC.
Identification of recurrence-related genes by integrating

Materials and methods
Clinical samples. Patients undergoing gastrectomy for potentially curable GC at the Wuhan General Hospital of Guangzhou Command were subjects in this study. Eligibility for inclusion in this study included histologically confirmed adenocarcinoma of the stomach or gastroesophageal junction. All patients had received complete resections including an attempt at complete tumor removal with inclusion of wide negative margins and extended retroperitoneal lymphadenectomy (D2 type). Information on clinicopathological, therapeutic and outcome parameters of patients from May 2005 to June 2010 was collected retrospectively. Cancer staging was performed according to the fifth edition of the American Joint Commission on Cancer TNM criteria.
Recurrence was defined as any cancer recurrence including lymph node, remnant stomach, local, peritoneal and hematogenous metastases over 1 year after surgical operation. All patients that experienced recurrence of cancer were diagnosed clinically or radiographically and confirmed by biopsy via upper gastrointestinal endoscope or percutaneous puncture. The radiographic standard for the recurrence diagnosis included CT or MRI of the chest, abdomen, pelvis, head and bone scans, or other diagnostic tests which were used only under special circumstances. All of the samples were obtained from surgical specimens of patients with gastric adenocarcinoma and all patients gave written consent for the use of these tissues for research purposes. We selected samples from 48 patients with and without GC recurrence.
This study has been approved by the Ethics Committee of the Wuhan General Hospital of Guangzhou Command, PLA. All gastric cancer patients provided written informed consent in our study.
Prediction of miRNA targeted genes. We utilized three different databases to select plausible targets of the differential expressed miRNAs: miRanda (http://www.microrna.org), TargetScan (http://www.targetscan.org) and PicTar (http:// pictar.mdc-berlin.de). To identify which genes were most likely targeted with the given miRNAs, we integrated the results come from the different databases.
Microarray experiments. The microarray experiments were performed as described in detail on the website of CapitalBio (http://www.capitalbio.com). A Human Genome Oligo Set Version 2.1 consisting of about 22,000 human genes was purchased from Qiagen Operon Co. A total of 11 GC samples were selected for microarray experiment, including 7 and 4 samples with and without recurrence, respectively. Total RNA was extracted with TRIzol reagent (Invitrogen, Gaithersburg, MD) and further purified with a NucleoSpin RNA Clean-up kit (Macherey-Nagel, Germany). Fluorescent dye (cy5 and cy3-dCTP) labeled DNA was produced through an RNA amplification method and subsequently followed the method previously published (11) . Arrays were scanned with a confocal Lux Scanner and images were analyzed with two-channal microarray technology, fluorescent dye-labeled cDNA from each GC samples were pooled to hybridize with one chip and hybridization was performed in duplicate with dye-reversal approach. Only spots with intensity in at least one channel exceeding the local background signal plus 3 standard deviations were accepted for further analysis. Then a space and intensity-dependent normalization based on a LOWESS in the R language package (http://www.R-project. org) was employed to normalize the two-channel ratio value.
Unsupervised algorithms. Significance analysis of microarrays (SAM) was used to perform the unsupervised calculation. SAM is a statistical technique based on t-test for finding significant genes in a set of microarray experiments. It was proposed by Tusher et al (12) . SAM computes a statistic d i for each gene i, measuring the strength of the relationship between gene expression and the response variable. It uses repeated permutations of the data to determine if the expression level of some genes were significantly related to the response. The cut-off for significance is determined by a tuning parameter delta, chosen by the user based on the false positive rate. A fold-change parameter can also be chosen to ensure that the called genes change at least a pre-specified amount. Hierarchical clustering of the differential expressed genes was performed with Cluster 3.0 version and Genesis using the average linkage algorithm.
Supervised machine learning algorithms. For the purpose of selecting feature genes, as well as classifying observations precisely, we applied various kinds of machine learning algorithms. Prediction analysis of microarrays (PAM) is a statistical technique for class prediction from gene expression data using nearest shrunken centroids. The method of nearest shrunken centroids identifies subsets of genes that best characterize each class (13) .
Support vector machine (SVM) is one of the most classic supervised learning algorithms, useful for recognizing subtle patterns in complex datasets (14) . It has been successfully applied to the classification of cancer tissue samples based on microarray expression data (15) . The algorithm performs discriminative classification, learning by example to predict the classifications of previously unclassified data. In principle, the SVM can be applied to very high dimensional data without altering its formulation. Such capacity is well suited to the microarray data structure. In our study, we used Bhattacharyya distance as classification index and SVM as classifier to perform the feature selection. Leave-one-out cross validation (LOOCV) was used to validate the classification accuracy.
Random forests (RF) is one of the most important supervised methods for feature gene selection (16) (17) (18) . During the classifying process, RF returns several measures of vari-able importance. The most reliable measure is based on the decrease of classification accuracy when values of a variable in a node of a tree are permuted randomly.
Receiver operating characteristic (ROC) curves and statistical analyses. ROC curves (MedCalc, 8.2.1.0 version, Mariakerke, Belgium) were used to analyze the classification sensitivity and specificity of the feature genes based on test samples. The Ct values of each sample after real-time PCR were used to perform the ROC analysis. The clinical data were analyzed using the t-test, with P<0.05 considered statistically significant. The survival curve study was also analyzed by MedCalc. (19) .
RNA isolation and real-time PCR.
Results
Clinical characteristics of GC patients.
A total of 48 patients with/without recurrence were selected for systematic analysis. Twenty-three patients had recurring GC that was proven pathologically by biopsy at anastomosis sites via endoscopy. Twenty-five patients without recurrence were selected as the control group with matches in gender, age at diagnosis, TNM staging, treatment and the number of involved lymph node (Table I) .
There was no significant difference in the gender (P=0.173), age (P= 0.231), tumor location (P= 0.318), differentiation (P=0.971), lymph node resection (P=0.062), UICC stage (P= 0.108) and status of adjuvant chemotherapy (P= 0.967). There was a significant difference in survival/death ratio noted (7/16 in recurrence group vs. 20/5 in non-recurrence group, P<0.001), with median survival time of 23.4 months in recurrence vs. 61.1 months in non-recurrence group respectively (P<0.001) ( Table I) .
Identification of genes plausibly regulated by recurrencerelated miRNAs.
We previous analyzed the miRNAs expression in 4 recurrence and 4 non-recurrence GC patients. A total of 17 miRNAs were identified as candidate biomarkers related to the recurrence risk of GC. We searched for putative 17 miRNAs targeted genes employing the most widely used programs including miRanda, TargetScan and PicTar, and obtained 4,352 plausible targeted genes, including 1,089 genes regulated by more than two miRNAs. Finally, a total of 3,263 targeted genes were focused for next study (Table II) .
Meanwhile, a total of 2,736 genes were differential expressed in recurrence compared with non-recurrence group with a criteria of P<0.05, FC>1.0. Combined with the differential expressed genes and the miRNAs targeted genes, we obtained 228 genes which were probably regulated by miRNAs. Hierarchical clustering of the data matrix consist of 228 genes is shown in Fig. 1 .
Identification of a two-gene signature to distinguish recurrence from non-recurrence GC samples. For these 228 differentially expressed genes, we used PAM, SVM and RF approaches for supervised classification and selecting feature genes. A total of 11, 9 and 10 genes were selected as best classifiers using PAM ( Fig. 2 and Table III) , SVM ( Fig. 3A and B and Table IV) and RF ( Fig. 3C and Table V) , respectively. We integrated the results from the 3 approaches, and identified a two-gene signature (HNRPA0 and PRDM4) which has potential to classify the recurrence and non-recurrence gastric cancer samples Fig. 4A and B) with a high sensitivity and specificity in microarray samples, respectively ( Fig. 4C and D) . Our results showed that HNRPA0 and PRDM4 were plausibly regulated by hsa-miR-194 and hsa-miR-373, respectively. The results matched our previous microarray study, hsa-miR-194 was upregulated while HNRPA0 downregulated in recurrence group; hsa-miR-373 was downregulated in recurrence group while a low expression of PRDM4 were observed in recurrence group.
Validation of the expression levels of the identified miRNAs and its target genes using quantitative real-time PCR.
The relative expression levels of hsa-miR-194, hsa-miR-373, HNRPA0 and PRDM4 were detected by real-time PCR in all the other 37 test samples (11 samples as training used for microarray) compared with the matched adjacent tissue as control. The results showed that the relative expression level of hsa-miR-194 was 10.36 in recurrence group compared to 7.83 in non-recurrence group; of HNRPA0 was 9.49 and 14.34 in recurrence compared to non-recurrence group. Similar results were observed on hsa-miR-373 and PRDM4. The relative expression level of hsa-miR-373 was 7.26 and 16.92, and PRDM4 was 25.42 and 3.11 in recurrence compared to nonrecurrence group, respectively (Fig. 5) .
Combination of HNRPA0 and PRDM4 as a signature to predict recurrence risk in GC patients. The 48 GC patients were divided into two groups, including 23 patients with recurrence as a group and 25 patients without recurrence as a group. The patients who experienced a recurrence of GC had a significantly reduced median survival rate (P<0.001; Fig. 6A ). Combined with the expression levels of HNRPA0 and PRDM4 detected by real-time PCR in 37 GC test samples and the microarray data in 11 training samples, we divided our patients into two groups: HNRPA0(+)/PRDM4(-) and HNRPA0(-)/PRDM4(+), represent high expressed HNRPA0 and low expressed PRDM4 group, low expressed HNRPA0 and high expressed PRDM4 group, respectively. A significant difference of survival time was observed between HNRPA0(+)/ PRDM4(-) and HNRPA0(-)/PRDM4(+) group (P<0.001; Fig. 6B ). GC patients with HNRPA0(+)/PRDM4(-) had significantly reduced median and overall survival compared to those with HNRPA0(-)/PRDM4(+). (20) (21) (22) (23) (24) (25) . Microarray technology has developed significantly and become a comprehensive and useful method to help us better understands cancers (26) . miRNA expression profiling of human tumors from microarray technology has identified signatures associated with diagnosis, staging, progression, prognosis and response to treatment (27) (28) (29) (30) (31) (32) (33) . Therefore, we identified a recurrence related miRNA profiling for recurrence risk prediction based on a group of Chinese GC patients.
To commence understanding how the expression changes of the 17 miRNAs affect outcome, we identified recurrence- Gene and miRNA specific primers were designed to the hsa-miR-194, hsa-miR-373 HNRPA0 and PRDM4. β-actin and U6 snRNA were used as control to calculate the relative expression of differentially expressed miRNAs and genes by the 2 -∆∆CT method. The results showed that hsa-miR-194 was downregulated and its target gene HNRPA0 was upregulated in recurrence samples; hsa-miR-373 was upregulated and its target gene PRDM4 was downregulated in recurrence samples. associated miRNA-targeted genes that are differentially expressed in patients who develop recurrence. Then a combination was performed between miRNA targeted genes and gene expression profile data. In this study, we analyzed primary gastric cancer cases to predict recurrence and defined recurrence-free cases as those free of recurrence for at least one year after curative resection. We integrated recurrence of advanced gastric cancer associated miRNA expression profile, targeted genes and gene expression profile and obtain a two-gene classifier to predict recurrence.
Until now, the genes designated in this study to predict the risk of GC recurrence have not been well-characterized. There were no research articles reported on the differential expression in human cancer and no reports on their expression related with microRNAs. HNRPA0 belongs to the A/B subfamily of ubiquitously expressed heterogeneous nuclear ribonucleoproteins (hnRNPs). Gene Ontology (GO) analyses show that HNRPA0 participated in the process of 3'-UTR-mediated mRNA stabilization and regulated the expression of downstream genes.
The protein encoded by PRDM4 is a transcription factor of the PR-domain protein family. Transcription factors of the PR-domain family are known to be involved in cell differentiation and tumorigenesis. An elevated expression level of this gene has been observed in PC12 cells treated with nerve growth factor, β polypeptide and it also has been reported to act as a tumor suppressor (34) . Similar results were confirmed by GO analyses: PRDM4 acts as a tumor suppressor in negatively regulating cell growth, cell cycle and cell proliferation. Although the functional role of PRDM4 in gastric cancer is unknown, our findings are encouraging.
In summary, we identified a two-gene classifier which can predict recurrence in patients with advanced gastric cancer after curative resection. By combining this classifier with conventional clinicopathological factors, we aim to predict the patient outcome more accurately. The identification of high-risk patients would lead to consideration of additional therapeutic intervention and may be informative for selection of a better follow-up program.
